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Dynamics of two-neutron transfer reactions with the Borromean nucleus®He
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Low-energy two-neutron transfer reactions with Borromean nulile ®He) are shown to be an effective
instrument for studying both the structure of such nuclei and the dynamics of nuclear reactions with their
participation. A four-body model is developed to describe such two-nucleon transfer processes within the
distorted-wave Born approximation. A realistic three-body bound-state wave functibHeofs used in the
calculations and the role of its spatial localization is thoroughly studied. In particular, it is found that the
“dineutron” configuration of the®He nucleus gives the dominant contribution to the two-neutron transfer
cross sections. Detailed analysis of the dynamics of these reactions is carried out and the possibilities of using
multineutron transfer reactions for studying the structure of other exotic nuclei, in partfidéarare dis-
cussed[S0556-28139)02009-9

PACS numbes): 25.60.Je, 24.10.Eq, 25.10s

I. INTRODUCTION rate. In particular, the “dineutron” and “cigarlike”
. . ._configurations predicted fotHe structurd 1], await a clear
During the last few years we have seen an increasing d e
interest in studying the properties of radioactive drip-line xperimental verification.

! st In studying Properties ! v P The available experimental data have not permitted con-

f?“"'e' at '°W.ef beam energies. _The variety of .”“C'eaf r€aCe|usions about the details of the spatial neutron halo structure
tion mechanisms at these energies and a growing avallablh% 6He to be drawn. The data on the total reaction cross

of theoretical models open for more detailed investigation ofection and the momentum distributions ®fparticles and
both the structure of exotic nuclei, the specific features ofeytrons obtained in fragmentation reactigsse, for ex-
nuclear reactions induced by these nuclei, and their interplayymple, Ref.[2] and references thergimeflect mainly the
The role of various reactions as “filters” for structural char- |ong tail of the ®He radial wave function. However, such a
acteristics, is of particular interest. Low-energy transfer reconclusion follows even from the fact that the neutron pair in
actions could allow us to get spectroscopical characteristic§He is loosely bound. The study of thele B~ decay led the
of short-lived nuclei, as has been previously done for stabl@guthors of Ref[3] to suggest a new mechanism for delayed
nuclei. A real “halo state” means not only a peripherally deuteron emission which relies on the large overlaftéé
located and spatially extended nucleon wave function butvith the « particle and the “dineutron.”
also a large value of its spectroscopic factor, i.e., large over- Transfer reactions have historically provided a good tool
lap with respect to the groundd few low-lying) core states. for studying structural parameters and spectroscopic factors
Note, as a further point of interest, that cosmological reacef simple nuclear configurations. Therefore, it appears natu-
tions of nucleosynthesis, in which nuclei far from the stabil-ral to use such reactions also for testing tftée internal
ity line play an important role, also take place at IGwfact, = wave function. Understanding the two-neutron correlations
sub-barrier energies. in the ®He nucleus could furthermore allow us to conclude
Among the halo neutron drip-line nuclei there are the verymore definitely about the structure of other Borromean nu-
interesting cases of the so-called Borromean nuclei consistiei and also about multiple Borromean nuclei suctfés,
ing of an inert core and two valence neutrons which cannof®He, and so on.
bind to the core separately but only as a pair. It means that The optimal choice of projectile energy depends on the
there are strong neutron-neutron correlations leading to forreaction under study. In the case of slow collisions
mation of a two-neutron halo structure observed®He, (<5 MeV/nucleon) a strong channel coupling can signifi-
i, and “Be. cantly complicate the reaction mechanism and prevent the
The case of’He is of special interest both from the ex- use of direct theoretical models to obtain unambiguous con-
perimental and theoretical points of view. TAele nucleus clusions from the experimental data. For collision energy
is notable for its constituents, 8He core which can be approaching or even exceedir@n the c.m. framg the
treated as structureless with a great degree of confidence, andclear Fermi energy, the probability of transfer processes
two neutrons. Moreover, all potentials in the two-body sub-becomes less and less. Thus, the energy region of 10-30
channels are well defined in this case and theoretical predidvieV/nucleon seems to be favorable to study multineutron
tions made within a three-body model should be rather accuransfer reactions induced by neutron-rich nuclei.
New experimental results have recently been obtained at
FLNR (Dubna for two-neutron transfer in collisions dfHe
*Electronic address: zagrebaev@finr.jinr.ru with “He and!H targets at beam energy of 151 Mé¥,5].
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In the present work we investigate the dynamics and spatial
location of these two-neutron transfer reactions and analyze
the available experimental daft4,5] with focus on new di-
rect information on the structure of the halo nuclétte, in
particular, on the role of its dineutron configuration. In Sec.
Il a four-body reaction approach is described along with all
the quantities entering in the modelistorted waves, three-
body bound-state wave functions, reaction form factors, and
so on. Comparison with experimental data on deuteron
transfer in the reactiorfHe+°Li—%Li+%He at 166 MeV FIG. 1. The coordinate system used in the calculation of the
beam energy is also carried out to show the applicability ofwo-nucleon transfer cross sectid@(34)] is the projectile and 1 is

the developed model. In Sec. Ill the dynamics oftansfer ~ the target, 3 and 4 are the transferred nucleons.

in the reaction®He+*He—*He+%He is investigated in de-

tail. The reaction’He+*H—*He+3H is discussed in Sec. IV on. In the entrance channel the coordinate sey;(R;) is

and collision of®He+“He is discussed in Sec. V. Summary Most convenient because the three-body bound-state wave

and conclusions are presented in Sec. VI. function of the prOIECti|e[2(3,4)]—‘1’523f)(X,Yi)—Can be
calculated as solution of a three-body Salinger equation
Il. THE MODEL by expanding over hyperspherical harmonics justOity)

Jacobi-type coordinatdd]. In the two-nucleon transfer exit

In describing reactions with Borromean nucléke ®He  channel, the corresponding coordinate sey{,R;) will be
or i) we may take advantage of their predominant few-used to calculate the final bound-state wave function
body structure, but we still have to consider the combined{r$134)(x,yf), Neglecting the difference between neutron and
motion of no less than four particles—target proton masses, we have the following connection between
nucleustprojectile consisting of a core and two halo nucle-the coordinates in terms of andR;
ons. We cannot yet solve this Schieger equation exactly
with realistic two-body interaction potentials. So, we need to AL 2(A1+A+2)
use an approximation to calculate, for example, the cross Rf:Al+2 i A (A, +2) Yils
section of a process such as two-neutron transfer. The choice
of approximation depends on the incident energy. On one

2
hand, at energies of 20 MeV/nucle¢mnd higher the direct Yi=Ri+ +—35Vi,

! X i A,+2
reaction mechanisms should dominate for not so heavy nu-
clei. It means, that a general approximation like the
distorted-wave Born approximatiotDWBA) (with well- Ri,=Ri— ——=V;. 2)
determined initial and final asymptotical states of the system Axt2

and with realistic interactions between the colliding nyclei
should be applicable in this case. On the other hand, B. Transition amplitude

nucleon-nucleon collisions of the core nucleons are not so .
) : . ; : Assuming that the two-nucleon transfer process at me-
important in nucleus-nucleus interaction at these energies,. X . .
. . . e ium and higher energies proceeds mainly by the one-step
and in reactions without target excitations we can treat target. . :
irect reaction mechanism where the nucleons are transferred

nucleus and core of the projectile as inert structureless par- | v f h ectil d final
ticles. So, we restrict the number of degrees of freedom b5|mutaneousy_ rom the projectiie ground state to a fina
o . . ¥tate of the residual nucleusjectile, we can write the tran-
considering a four-body system and restrict the reaction dy=. . . .
i o ; .2sition amplitude in standard DWBA form
namics to the contribution of only a one-step direct reaction
mechanism. Even in this case the calculation of therans- TOWBA K, ,ki):<X(k;)(Rf)lP$134)(nyf)|AV|\Pi(234)(nyi)
fer cross section remains a very difficult problem.
XXi(R)).- 3
A. The four-body system
Figure 1 shows the four-body system and all coordinatestiere x{¥(Ri ) are the incoming and outgoing distorted

In particular, the two-nucleon transfer reaction can be writtevaves calculated with optical modelOM) potentials
as UPM(Ri 1), ¥, ¢ are the three-body bound states of the trans-

ferred nucleong3 and 4 with respect to the inert cord®
14+[2(34)]—=[1(34]+2. (1) and 1, and the transfer interactiohV has one of the fol-

lowing forms (post or prior representation
We treat the target nucleyd) and the corg?2) of the pro-

jectile as structureless particles not excited in the reactionA vres= Voo Yi+X/12) + Vou(yi — XI2) + V1A Ry —UPM(Ry),
For Borromean nucleilike ®He or L) just the motion of (4)
the two valence nucleor{8 and 4 is of especial interest. We

can use this four-body approach for some other projectiled VP'=V, (y;+x/2) + V14y; — x/2) + V1A R12) — UPM(R).
also, such aLi(=a+p+n) or ¥O(=%0+n+n) and so (5)
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This DWBA transition amplitude is a nine-dimensional inte-
gral which takes into account the intrinsic three-body motion
in the projectile and ejectile and should be evaluated accu-
rately to understand the influence of the internal structure of
the loosely bound projectile on the reaction dynamics. Thus,cli
we may be able to obtain directly information concerning the ?5
internal structure of Borromean nuclei just from analysis of :x"
experimental two-neutron transfer cross sections. We calcu o0
late this nine-dimensional integral explicitfwithout any es-
sential simplificationsby integrating directly oveg,y;, and
R;, i.e., without partial wave decomposition of the distorted
waves and using the full-recoil and finite-range form of the ~FIG. 2. The wave-function amplitude fGHe+“He elastic scat-
transition amplitude(3). There is some possibility for the (€ring atE,=151MeV. A plane wave of unit amplitude comes
halo neutrons to be transferred sequentially, one by one. THEP™ the left(negativez valueg. An optical potential of the volume
DWBA two-step transition amplitude, giving more or less Woods-Saxon form was used with the parameter set 2 of Table I.
L . . The sum over 70 partial waves was done.
the same angular distribution, is proportional(thV)/(E)
compared with the amplitude of the direct procgk3|. Here C. Distorted waves
(AV) is an average transfer interaction whilg) is an av-
erage energy in the intermediate channels. The amplitudes af
direct and sequential mechanisms af 2ansfer are compa-
rable with each other in heavy-ion collisions at beam ener
gies of 3—5 MeV/nucleof10]. But the nature of the Bor-

\

b4 z s

The three-dimensional distorted waves entering the tran-
ion amplitude(3) were calculated within standard OM
code by summing the radial partial waves with the Legendre
polynomials[6]. The corresponding OM parameters were
; . found by fitting the elastic-scattering cross section to experi-
rsomeanlongcleus itselabsence of two-body bound states in o nta) datdsee below The amplitude of the wave function
He or *Li, and strong neutron-neutron correlatipmsakes describing elastic scattering 8He from “He at the labora-
us believe that the simultaneous transfer of both neutronﬁer energy of 151 MeV is shown in Fig. 2. A plane wave of
(neutron pair is a major part of the two-neutron transfer unit amplitude comes in from the left sideegativez values

reactions induced by the Borromean nuclei at beam energiqﬁ Fig. 2), the OM potential is located at the zero point. The

higher thgn 20 MeV/nucIeon._ .. imaginary part of the OM potential is responsible for the
_ The d|ﬁerent|§1l cross section of the transfer reaction ISahsorption of the wave in the elastic channel at small dis-
given as follows: tanceswhen the projectile penetrates into the taygetd for
shadowing in the region behind the target nucleus. In colli-
sions of not very heavy nuclei, when the de Broglie wave-
% E,0)= 1 mip ﬁ-SfSi AT (ke k)2 (6) length of their relative motion is not so small and the nuclei
da (2m)?* A% kK AR R do not behave like blackabsolutely absorbingspheres, the
trajectories deflected to negative angles make an appreciable
contribution to the elastic-scattering cross section, and their
whereu; , ¢ are the reduced masses in the entrance and exibcusing on the beam axis just behind the target nucleus
channels, and5;,S; are the spectroscopic factors showing leads to a sharp increase of the wave function amplitude, Fig.
the weights of these three-body configuratiging., inert 2. This effect should also be taken into account when we
core plus two nucleonsn the ground state of the projectile calculate the transition amplitud8).
nucleus[2(3,4] and in the formed state of the ejectile  Of course, an imaginary part of the OM potentjdken
[1(3,4)], correspondingly. For a real halo nucleus this speciocal andl independentsimulates the withdrawal of incom-
troscopic factor should be close to unity. This is a necessaring flux from the elastic channghbsorption only in some
(but not sufficient condition for formation of the halo struc- approximate wayreproducing decrease of the outgoing flux
ture. Thus, a comparison of the absolute values of the experin the elastic channel at infinityand cannot describe cor-
mental and calculated two-neutron transfer cross sections caactly a realistic channel coupling. It means that even a rather
already allow us to make a central conclusion: is it possiblggood fitting to the elastic-scattering cross section with a
or not to represent the nucleus under study in the threegiven set of OM parameters cannot assure unambiguously a
cluster form—inert core plus two nucleons? For thide  correct behavior of the distorted wave at small distances, in
nucleus this seems natural due to the compagtarticle  particular, those focusing effects given by the trajectories in
core, but for heavier exotic nucléven the Borromean ones which the colliding nuclei pass through each other. There-
it should be tested separately. fore, we should be careful with the contribution to the trans-
More detailed analysis of the angular and energy deperfer cross section coming from the shadow regions of the
dence of the transfer cross section may help us to verify oudistorted waves((k:)(R).
assumptions about the internal structure of the colliding nu- Real and imaginary parts of the distorted waves oscillate
clei, i.e., the spatial structure of the bound-state wave funcrapidly in accordance with the value of the de Broglie wave-
tions W; ¢(x,y), and to understand better some specific fealength\ =2/k; ; of the ion-ion relative motion. Hence, we
tures of the reaction dynamics with loosely bound nuclei. have to use sufficiently small integration stepdR<\,
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RA <\, andR sin(f)Ae<A—when calculating directly the
nine-dimensional transition amplitude integral. The real re-
sulting oscillations of the integran@®) are determined by the
differencek; - R;—k;- R; [more exactly, by the difference of
the classical action functior§(k;- R;) — S¢(k;- R¢) [7]] and,

in fact, are much smaller at forward scattering andsall
values of the effective transferred momentuqs=K;

— (A1 /(A1 +2))k¢]. But at backward angledarge g val-
ue9 the oscillations can be even larger than the oscillations ¢~
of the distorted waves themselves. These oscillat{oadial

and angularcreate difficulties in the calculation of the tran- |G, 3. spatial correlation density plot for the ground state of
sition amplitude, but the resulting angular distribution turnséye x is the distance between two valence neutrons yaiil the
out to be more transparent compared with the method ofiistance from ther core to the in) center of mass. Dineutron and
partial wave decomposition, due to a possibility to see andigarlike components are clearly present.

compare directly the contributions coming to the cross sec-

tion from the different regions of three-dimensional space
i.e., from the different spatial configurations of the four-body
system(see below

0.08

0.04

Yo ()

y_ Correlation density

WhereP,T' is the Jakobi polynomiaC',i’ a normalizing co-
efficient. The radial functiong,(p) are obtained from nu-
merical solution of the three-body bound-state problem re-
duced to a set of coupled differential ScHirger equations.
The details of these calculations can be foundis8].

A deep understanding of the exotic genuine few-body The binding energies of the nuclei can be reproduced
structure of halo nuclei is still of prime interest. The structurerather well in such calculations with realistic two-body inter-
of nuclei far from the stability lingparticularly those close actions found from the phase analysis of the corresponding
to the neutron drip lingis a main subject of investigations in elastic scattering plus some renormalizatjioh The result-
radioactive ion bearfRIB) experiments. For that purpose we ing wave function which has appropriate asymptotic behav-
use accurately calculated three-body bound-state wave funtsr in all regions of six-dimensional space, takes into account
tions qfi(234)(x,y) from [1,8,9 for such nuclei asLi, ®He, the Pauli principle between the valence nucleons and the
. In this approach the bound-state wave function is cal-nucleons of the core, and predicts accurately the nuclear ra-
culated within a three-body model (carél+N) using an  dii. For the BorromearPHe and *'Li nuclei the halo struc-
expansion over hyperspherical harmonics. It can be writtefiire of their ground states were found to have a very ex-
in the following form: tended valence neutron density, much more extended than
can be obtained in a shell-model picture.

In Fig. 3 the so-called spatial correlation density plot for
the ground state ofHe is shown(three-dimensional and
topographical landscapeis the x andy variables, wherg is
YL 0@ ()] ®Xs]lam the distance between two valence neutrons yaiglthe dis-
tance from thex core to the fin) center of mass

D. Three-body bound-state wave functions

\IfJM(x,y)=p*5’2§;¢ Xo(P) V(@)

=> > (LM SMgJIM)

myM

T g P(x,y)=x?y?: f W (#x,y)2d0,dQy. (9

X (Lmydymy[LM ) - p~ 52y (p) h2¥( @)

Y (R (9) - Xs(Mg), (7) ) _The co’r’rglatlon plo_t exhibits two prominent peaks: a
XX vy dineutron”like peak with the two valence neutrons located

together outside ther particle x<y), and a “cigarlike”
peak with the valence neutrons positioned on opposite sides
of the « particle x>y). The corresponding configurations

) are shown schematically in the inset of Fig. 3. The origin of
v=loly,L,SK, where K=l,+ly+2n (n=0,12,..) IS {hage spatial configurations is connected with dominance of
the hypermoment. Polar angle-type variables are used wheje_ s_ g motion in the G g.s. of ®He and with the Pauli

P=VpaaX +M2&3_4)L is the  hyperradius, «  principle blocking thes motion (occupied in thex core and
=arctg(Vusa/ Vio(aay) is the hyperanglews,=1/2 and  making the valence nucleons fill thepistate in a shell-
Ha(3a=2- Aol (Ay+2) (=413 in the case ofHe or °Li) are  model picture. The difference in heights of the two compo-
the reduced masses intrinsic of the two-nucleon pair and dfents(Fig. 3) is mainly due to the-n interaction making the
two nucleons with respect to the core. The hyperangulagineutron configuration more probable. A “direct” experi-
functions are mental observation of this spatial two-component structure
N Y o L U2t 102 of ®He which could determine relative weights of the dineu-
PV (@) =CrY-(sina)x(cosa) yP ==Y "*(cos ), tron and “cigarlike” components is of great interest. Good
(8) understanding of the structure of tifele nucleus may help

where (;m;jom,|jsmg) are Clebsh-Gordon coefficients,
M =M-Mg, m=M-Mg—m,, Xg(Myg) is the coupled
two-nucleon spin function§=0,1). The channel indices are
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us to understand better also the structures of other loosely
bound nuclei, includingHe and*°He.

E. Expansion over harmonic oscillator states

The variables in the integrand of E() can be partially
separated by decomposition of the initial and final bound

statesW; ¢(x,y; ;) over some co

pending on their common variable—the relative distance
between the two transferred nucleons. For this purpose we 1
use a complete set of two nucleon relative motion wave

functions

{Fo=nim smg¥)}={fn (X)-

wherefy, (x) are the radial thre
cillator eigenfunctions.

Projecting the three-body wave functiér) on these two-

nucleon states we obtain

TIM(xy) = E Fo(
where

@i“<y>=L2 (LM_SMg[IM)

<

X(lymylymy|LM ) -

and where

d’NIXS(LIy)(y)

D R
K=l,Ty+2n Jo

are the radial overlap integrals
numerically. The functiongy (L
motion of the center of mass of
of the core.

0.2t

oy(y)

mplete set of functions de- o2}

0.4F

Y, m (%)-Xg(Mg)}, (10)
0.6

e-dimensional harmonic os-
FIG. 4. Decomposition of théHe bound-state wave function

corresponding to the relative motion of the two-neutron pair and
core—see Eq(13) of the text. The curves 1—-4 correspond to states
with quantum numbersl, |, ,S=(000), (200), (400, and(111).

X)®M(y), (11 For some nuclei the expansioftsl) and (12) turn out to
be very simple. In particular, the ground state %ie has
J™=0" and the total orbital momentuin has only two val-
uesL=0(S=0) andL=1(S=1). Moreover, due to strict
antisymmetry between the two valence nucleons the orbital
momenta, andl, (corresponding to the relative n-n motion
and to the motion of their center of mass with respect to the
. G a core have to be equall{=1,) and to have a parity equal
¢N'XS(L'V)(y) Y'me(y)’ to the parity of total [1]. Thusy, in fact, there is no summing
(12 over L,l, in Eqg. (12). It was shown that the component
SLI,=(000) brings about 84% to the total normalization of
¥IM(x,y) and the componenSLl,=(111)—about 13.5%
[1]. We found that four components of the decomposition
(11)—those withNI,S=(000),(200),(400), an¢l1l)—are
enough to give 92% to the total normalization 8He,

5/2Xy(p)¢k‘|y(a)]X2dX ground-state wave function. These components are shown in

Fig. 4. The component(bmxs(uy):ooo(oo) dominates and
(13 looks like the pure 2 state of in)-« relative motion used
in the first simplified estimation of the two-neutron transfer
which have to be calculatedeaction[4]. Note, that all the functiong,(y) have an ap-
| )(y) describe the relative propriate asymptotic behavior~exp(—«y)ly at y>x,

the two nucleons in the fieldvhere k=+2uzyEsed/fi> and Eqp is the two-nucleon
separation energy.

The oscillator wave functions depend on only one param- Substituting expansiofi1) into Eq.(3) we write the tran-
eter, the range,=/(3/2)(%/uw). In principle, any set of sition amplitude in the form

oscillator eigenfunction$N|x(x) C

completeness of a 9ebut in practice we chose the oscillator TDWBA
range, i.e.fiw, in such a way that the rms two-nucleon sepa- Thi

ration in the ground stateN(,=
extracted for the the projectile

an be useddue to formal

(ke ki) = E (X (R - @M (y) XAV, (yr )|

00) is close to the value
from a realistic three-body ><‘1> Mity) - x§ +)(R ))s (14

calculation(for ®He, for exampleX,,~4.5fm[1]). In this

case the series overin Eq. (11) converges very fast and
only a few components need to be kept in the sum to de?

where

scribe sufficiently well the main properties of the bound-state

wave function. The norm of the functioh ,(y) serves as a
criterion for the truncation in Eq11), and the residual terms

have to provide the total normal
unity.

AV, (YY) = J fN'|X'(X)Y|Zm;()A<)XTr(M ) AV fy ()

izati M lose t
ization #PM(x,y) close to XY)m (90Xs(M)dX (15
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with L,S=0,0 was taken into account and only the “strip-
ping” part of the post-representation interactiorfs(y;
20 + X/2)+V,4(y;— x/22) was used in Eg15) to calculate the
form factor (16). In this case we can restrict the sum over
v',vtol,=1,=0, andF(y;,y;) does not depend on the ori-
% entations of the vectorg;,y;, but only on their lengths.
A\ Taking into account the three-dimensional integration gyer
/I (O \\\\Q\\Q\ N in Eq. (14) we multiplied the form factor shown in Fig. 5 by
> ///II" ““““ yiz. Figure 5 shows that the two-neutron transfer form factor
g Illl / y};:??:‘rr-}"”"’ decreases very fast with increasipg(in spite of multiplica-
’ & tion by yiz) due to the short-range potentials of the neutson-
Ill interactionsV,; and V,,, and it decreases slowly with in-
creasingy; due to the weak slope of the wave function de-

\W ;‘;lll
i

)
)

)  Two-neutron transfer form factor

--2.0 scribing two-neutron separation from the core—do,(y+)
S ~exp(— \/2M1(34)Esep/h2yf)/yf , With Ege=0.973 MeV.

This means that in the post representation of the transition
amplitude the argumeny; of the two-dimensional two-
neutron transfer form factdil6) reflects mainly the proper-

FIG. 5. The form-factor of the two-neutron transfer ties of the interaction responsible for the transfer process,
reaction *“He(®*HeHe)®He: =,/ , @, (Y)AV, (V)@ ,(y)-y%v',»  while the argumeny; reflects the properties of the final two-
(=NI,S)=(000), (200, and(400. nucleon bound state in the residual nucle@si.‘,M’(yf). In

particular, the dominant € structure of the two-neutron

and where the interactiohV is chosen in the post E¢d) or  center-of-mass motion in théHe ground state can be seen in
prior Eq. (5) representation. Neglecting spln—orb_ltal mterac-Fig_ 5 along the variablg’ =y, . Thus, if we want to study
tion in AV we haveAV, ,~ ésgduguy If the spinsJi . Jr iy "detail the structure of a nucleus formed in the transfer
are not equal to zero, summation oWt and averaging over reaction(ejectile, we should use the post representation of
M, have to be done in the cross secti@. the DWBA transition amplitude, integrating over and R;
in Eqg. (14). But, if we are interested first of all in the struc-
ture of the projectile or targdfor example, in the?He+'H
reactiong, the prior form of the transition amplitude is pref-
As can be seen from E@14) the process of two-nucleon graple with AV=V (y;+ XI12)+V14ys— x/2) in Eq. (15
transfer is determined by the distorted waves in the entrancgnd with an integration over; andR; in Eq. (14). Below we
and exit Channe'if(kff)(Ri,f) and by the nonlocal form factor apply our four-body approach to a description of the two-

F. Reaction form-factor

of the reaction, neutron transfer process in théHe(®He*He)®He and
'H(®He*He)®H reactions. In the first case the post and prior
N — IfM¢ N diMicy, forms of the transition amplitude are naturally identical, and
Fyry) =2 O, YDAV (YY) BTN in the second one, with formation of a triton in the exit

o (16)  channel, we choose the prior representation paying attention
just to the three-body function dfHe. Of course, accurate

In heavy-ion collisions, when the masses of the heavy coregalculations of the DWBA transition amplitudés) both
are much greater then the transferred massA,>2), the ~ Within post Eq.(4) and prior Eq.(5) representation should
so-called no-recoil approximation can be ugede, for ex- bring us the same results if the wave functions
ample, [10])). In this case Ri~Ry,, Ri~[A;/(A; ‘P§234)(X'Yi)'X(kT)(Ri) and \I’§134)(X!yf)'Xf<f_)(Rf) are the
+2)]Ry,, and the integration ovey; in Egs.(14) and(16)  exact eigen-functions of the Hamiltoniard;=Hq+ Va3
can be performed independently Bf. Now the reaction +V,,+ UiO’V' and Hi=Hg+V 3+ Vit UfO’V' correspond-
form factor depends only on one variali®g,=y;—y;, and  ingly. However, since we use model three-body bound-state
the transition amplitudé14) is reduced to an easily calcu- wave functions¥ (%% and ¥{'*¥ (see below, the post and
lated three-dimensional integral. We intend to apply our apprior transition amplitudes can differ somewhat from each
proach for a description of two-nucleon transfer processegther(see, e.g/[11]). This problem as well as other methodi-
with light ions, such reactions a8He+*He, °Het'H,  cal questions specific for the four-body three-dimentional

®He+*He, and so on. Therefore, we cannot use the no-recoibWwBA approach will be discussed in our forthcoming paper.
approximation in any form and have to calculate the six-

dimensional integra(14) with the nonlocal form facto(16)
directly without further simplifications.

The behavior of the form factdrl6) in two-dimensional The ©Li nucleus has a three-body structure similar to that
space can be understood better from Fig. 5, where it is showaf ®He [1]. The “deuteron halo” is somewhat less impres-
for the two-neutron transfer reactidiHe(®He *He)®He. For  sive because of the difference between andn-p interac-
simplicity, only the main component of tH#He ground state tions, but the deuteron separation energy fréin is small

G. “He+°8Li elastic scattering
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erably in a ground-ground deuteron exchange pro¢gss
where 1 and 2 are particles and3,4) a deuteron. Using the
5Li ground-state wave function obtained[ih] and Gaussian
shape neutrom and protone interactions with V’S‘“=
—47MeV, b=2.3fm (plus the Coulomb interaction in the
case ofV,,), we calculated the cross section of the two-
nucleon transfer process within our four-body approgah
finite range(FR) +all recoil effects, the solid curve in Fig. 6.
We should sum up coherently the amplitude of the potential
elastic scattering and the two-nucleon transition amplitude
with the formation of the residual nucleus in its ground state
to obtain the real elastic-scattering cross section in the whole
angular region

dory
T (O~ITMO+SS Ty(m-0)2. A7)

However, at beam energies higher than 20 MeV/nucleon the
backward elastic potential scattering cross section is found to
be several orders of magnitude smaller than the transfer cross
section, see Fig. 6, and we can easily distinguish them. In the
angular region of 80°—100° there should be interfergnog¢

curve shows the optical-model fit with the parameters from Table 1calculated heneof the two different processes. At low beam

The solid curve corresponds to the four-body DWBA calculation of
“ground state—ground state” deuteron transfer.

energies(less than 10 MeV/nuclegrsuch interference will
be important in a wide angular region. The analysis of the
reaction will then be more complicated, and it will be diffi-

also in comparison with neutron and proton separation enegult to distinguish between the two processes. As can be seen

gies, EFCL)~1.5 MeV, E;*{°Li))~5.7 MeV, and
E;*1°Li) ~4.6 MeV, and the deuteron is loosely bound also
within SLi. It means that®Li resembles features ofHe,
moreover, its excited state™03.56 MeV) belongs to the
same isobaric triplet a8He (g.s) and °Be(g.9). So, we will
use the well-studied reactions induced Piyi as a starting
point for comparison of similar reactions induced tye. In
[12] the elastic scattering of 166 Me¥He from ©Li was

measured in the full center-of-mass angular region, repro-

from Fig. 6, the proposed three-dimensional four-body ap-
proach to the direct two-nucleon transfer reactions enables us
to obtain a rather good description of the transfer of a deu-
teron from the®Li nucleus to thea-particle target with for-
mation of the ground-statfLi ejectile. So, we will apply the
same approach to the analysis of similar reactions induced by
the loosely bound Borromean nuclei lik&le, 8He, or *Li.

. ®He+*He COLLISION

duced in Fig. 6. The backward angle elastic scattering cannot .
be described within the standard optical model and was un- In the Flerov Laboratory of Nuclear Reactions a second-
derstood as the exchange of a deuteron cluster between tvay beam of°He with energy of 151 MeV was produced by

a cores.
With the same optical-model parametgd®] (set 1 of
Table ) we repeated théHe+°5Li elastic-scattering calcula-

fragmentation of 32 MeV/nucleorLi ions on a thick °Be
target. The quality of théHe beam was rather good and its
intensity amounted to about 1particles/s. The ions ofHe

tion and got the rather good fit of the forward angle elastic-were separated with the ACCULINNA facilifyL3] commis-

scattering experimental data shown in Fig. 6. By no reasonsioned at the U-400M cyclotron. This experimental setup
able changes of these parameters can the backward anglensists of two silicon detector telescopes and allows one to
yield of « particles be simultaneously described. The differ-measure in coincidence two reaction products with a good
ence between the calculated OM cross section of the poterenergy and angular resolution, about 100 keV are’, re-

tial elastic scattering and the backward experimental data ispectively. The first experiments with tfiHe beam were
about four orders of magnitude. This leads us to infer that irdone on“He [4] and H targets[5], and quite interesting
this reaction the backward angleparticles are formed pref- results have been obtained.

TABLE |. Optical-model parameters fdiLi+*He and®He+“He elastic scattering.

Set Ea(MeV)  V¥(MeV) Ry(fm) ay(fm) W(MeV) Ry(fm)  ay(fm)
1,*He+5Li 166 —102.5 1.78 0.820 -11.8 411 0.950
2,°He+“He 151 —102.5 1.78 0.920 —13.0 3.85 0.500
3,5He+*He 151 —102.5 1.54 0.904 -7.0 4.28 0.569
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e Fig. 7 which corresponds to the OM calculation with the new
8He + 4He = BHe + *He, Ejgp= 151 MeV | potential parameters listed in Table I, set 2. The variations of
the OM parameters are, in view of the difference between
%He and °Li, quite reasonable. Experimental data on the
elastic-scattering cross section in a wider forward angle re-
gion are required to obtain more reliable OM potential pa-
rameters of thHe+*He interaction. Finally, we calculated
the elastic-scattering cross section with the real double-
folding potential proposed by Bayet al. [14] for the
®He+ “He interaction. Note, that the depth of this double-
folding potential(—99.72 MeVj is very close to the phenom-
enological ong(—102.5 Me\j. An imaginary part of OMP
was not proposed ifL.4] and we used the parameters of set 2
of Table I. The result of this calculation is shown in Fig. 7 by
the dot-dashed curve 3.
In the backward angular range éf,,= 130° the potential
. elastic-scattering cross section calculated within standard
10 OM code is less than 1d mb/sr and decreases with increas-
P e AT ing angle, whereas experimental values are higher than
0 30 60 90 120 150 180 - . )
0 (deg) 10" “mbl/sr, i.e., abou_t three orders of magnitude more. As
c.m. was expected, there is no reasonable set of OM parameters
FIG. 7. The®He+*He elastic scattering & ,,=151 MeV. The that could reprodyce_ th_e backward yield of tﬁdg nuclei
dotted curve 1 shows the optical-model calculation with the Samé)bserved at so high I.nCIdent. energy. A Change in the calcu-
parameters as fofLi +*He (see Table), the solid curve 2 corre- lated values of the differential cross section by a factor of
sponds to the OM fit with the parameters of set 2, and the dot3—10 for some local angular intervals in the backward hemi-
dashed curve 3 was obtained with the real double-folding potentiaBPhere is the maximum that one can achieve by varying the
of the ®He+%He interaction proposed by Bay al. [14] and with OM parameters. This deflnltely means that ﬁHae elastic-
the imaginary part of set ¢rable I). The dashed curve 4 shows the Scattering events observed in this backward angular region
result of the simplified calculation of thencluster exchangfEq.  are in fact the result of two-neutron exchange with fiie
(18)], and curve 5 is obtained within the four-body model of the target nucleus.

do/dQ (mb/sr)
=)
I

10

two-neutron transfer reactidiEg. (14)]. Using the OM parameters of Tabldgdet 2 and the spin-
_ _ independent neutroa- interaction §,3=V,,=V,,) of
A. Elastic scattering and two-neutron exchange Gaussian shape with depth ef47.32MeV and widthb

The elastic scatteringHe+“He at beam energy of 151 =2.4fm, we calculated the cross section of the two-neutron

MeV was measured at forward and backward center-of-mag&ansfer process in the reactidiie+*He—*He+°He (g.s)
angles[4]. Note, that the backward angle elastic scattering/ithin our more consistent four-body three-dimensional ap-
cross section was extracted from the coincident events whefoach. Because the nuclei formed in this reaction are the
both the ejectiles%He and*He) were detected. A possible Same ones as in the entrance channel and they are in the
contribution of inelastic scattering is prevented by the facground states, the transfer reaction, in fact, manifests itself as
that all the excited states in the collision partnéfide and an elastic scattering to the center-of-mass anglen
4He, are unstable with respect to particle emission. For the fexcn- AS in the case ofHe+°Li (Sec. Il G, we did not
backward angles the total number of accumulated coinciderffm coherently the amplitude of the elastic scattering and the
events allowed extraction of a differential cross sectiontransition amplitude of two-neutron exchangee Eq.(17)]
larger than about 0.01 mb/sr. The final experimental result§ecause their values differ drastically at backward angles—
are shown in Fig. 7. | TOM(9~ )| <| TRVBA(6~0°)|. At the angles of 80°—100°

To analyze these results, we again first described the fosuch interference would be very important and has to be
ward angle data within the optical model. Unfortunately, thetaken into account if details of the angular distribution in this
available forward angle elastic-scattering cross sections wetggion are to be reproduced. The two-neutron exchange cross
only measured in a rather narrow c.m. angular region oBection calculated with Eq$6) and(14) is shown in Fig. 7
17°-59°. Thus, we cannot carry out a fitting of these datéy the solid curve 5.
which gives reliable OM potential parameters. Instead, we The first estimation of the two-neutron transfer cross sec-
took as a starting point the OM potential that was found fortion was done irf4] within a simplified approach in which
“He+5Li elastic scattering & ,,= 166 MeV[12], see Table the two neutrons irffHe were treated as a cluster described
|. The differential cross section calculated for tfide+*He by a wave function depending on tg,, coordinate only.
system with these OM parameters is shown in Fig. 7 by thé he transition amplitude was taken in the form
dotted line(curve 1. The calculated curve falls below the DWBA s mo
forward angle experimental points by about 30%. By a small T (ke ki) =(xk, (R Py WoIVina(y)l
adjustment of the OM potential parameters we were able to
eIi:ninate this discrepar?cy as shgwn by the solid cuygyan Xq)anr?d(yi)X(kr)(Ri» (18)
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and the normalized modeh2cluster wave functioni)rz*‘,?d(y)
was calculated within a Woods-Saxon potentig,,, with ,
radius of 2 fm and diffuseness of 0.5 fm. The depth of this £
potential was adjusted to reproduce s tate with a two- §
neutron separation energy of 0.973 MeV. 5
Comparison of the calculated values of the reaction crosss
section (made within the simplified 2-cluster model and %
within the four-body approaghwith the experimental data ‘;

allows us to conclude thdt) the 2n— a configuration of the
®He nucleus with a weight close to unity, i.e., the spectro-
scopic factorS(ZH)a(GHe)~1 is compatible with the data, FIG. 8. Correlation density plots for the ground state®sfe
and (ii) the structure of this three-body configuration is suf-projected onto the dineutrofteft) and cigarlike(right) configura-
ficiently well described by the wave function proposed intions, see Eq(20) of the text.x is the distance between two valence
[1,8,9, see Eq.7) and Fig. 3. Comparison of the “three- neutrons ang is the distance from the core to the fin) center of
body” transition amplitude(18) with the “four-body” one  Mass:

(14) shows that the modelr2cluster wave functio3°Y(y) _ . )
corresponds roughly to the(=N,l,S)=(000) component Neutron-core rela6t|ve motiofl,(ri) ~ri- exp(-Bri)(k=1,2)
(normalized to unity of the expansiori11). Because this is W€ can write t_he He bound-state wave function in the fol-
the main component of the real three-body wave function of°Wing approximate form:

the ®He bound state—see curve 1 in Fig. 4—the-Guster

transfer cross section calculated with E§g) does not devi- gy, r,)=>" (1m1—m|00)- f15(r1)- f12(rs)- Yim(f1)
ate drastically from the full calculation, see dashed line 4 in m
Fig. 7. Both are compatible with the experimental data. Data ARAN
of higher quality are needed for a more detailed assessment 1mmit2/ s=0
of the success of our reaction model in this case. ~(ry rz)e—ﬁ(ri-%—rg)
~[y2— (x/2)2]e~ 28>+ (2] (19)

B. Dynamics of 2n transfer reaction

wherey=(r,+r,)/2 is the position of the two-neutron center
of mass relative to the core andx=r,—r, is the distance
between the neutrons, i.g.,andx are the same coordinates
as in Egs(7) and(9) and in Fig. 3. So, as can be easily seen

By slightly varying the OM potential parameters afu)
the parameters of the interactioA¥ we could improve our
fit to the backward-angle experimental data in the two-

neutron transfefsee below, but the rather large experimen- . . .
tal errors and the reaction cross sections limited to the an J[om Eq. (19), in the absencg Of theey Interaction thel .
92 5=0 COSMA model function has a spatial correlation

lar interval of 125°—158° does not justify this effort. Instead . . L ) .
we try here to dissect the mechanisjm arfz:i the dynamics of th%ensny with two distinguishable maxima of equal height and

reaction. For simplicity, hereafter we analyze the two-Only the neutron-neutron interaction makes the dineutron

neutron transfer cross section itself, i.e., the center-of-masompPonent of théHe bound-state wave function more pro-

T L . nounced.
angular distribution of the ejectildbere “He) formed in the i I
reaction from the projectile nucléiHe, as one usually does. To find the contributions of these two peaks to the two-

At the energies under consideration, such a reaction angulé‘vi utrt(r)]r; :é?:lsjv(zvgrgjsnsct?c?(f?t)loonntvc\)/ ?hga(;/i?]etgtrg:lofr% (':? z(r)-me
distribution has a common forward direction. y g

like configurations. As can be seen from Fig. 3 and @§)

the two configurations are located on the different sides of

) _ o the nodal liney=yx (y=1/2). Introducing the coordinate
First of all we tried to exp[ore the sensitivity of the tWO'_§=('yX—y)/\/mz which changes along the path orthogo-

neutron transfer cross section to the double-peak spatial | to th de liney= defi OB+

structure of®He, Sec. Il D. From a common consideration nal to the no e_lan/ yX, We Mmay define operatoiqin

the “dineutron” component should dominate in the two- :[1+e)fli’(§/§0)] and  Pg(=1-Pgn)=[1+exp

neutron transfer reactions, whereas the “cigarlike” configu-(—&/é0)]™", which approximately divide the total three-body

ration can be preferable in reactions with only one neutrofvave function(7) into dineutron and cigarlike parts

being initially stripped from®He. These two possible con- di L .

figurations are present simultaneously in the bound-state  Vene(X,Y) =W et Voie=Pan¥spet Peig¥ spe. (20)

wave function of®He (7) and cannot be clearly separated.

They reflect simply the monopole nature gb states occu- To avoid the artificial oscillations that a sharp cutoff would

pied by the two valence neutrons 8fle. This is especially introduce, we use the Fermi-type projection given above.

clear within the cluster-orbital shell-model approximation Although the two components are not orthogonal to each

(COSMA) [1,15,16. Switching off the neutron-neutron in- other, their overlap is found to be less than 12% if we choose

teraction and introducing one-particle oscillator functions forthe x-independent parametég=0.65 fm or less, see Fig. 8.

1. Dineutron versus cigarlike component
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FIG. 9. The *He(*He,’He)°He(g.s.) two-neutron transfer reac- 5 |
tion atE,,=151 MeV. The dashed curve 1 is the contribution to the s
cross section coming from the dineutron configuratiorfldé and B r
the dotted curve 2 is the contribution of the cigarlike component % -40 -
see theteyt A A N ~_47°
( 3 a i eRainbow ~-47
. . in_ = i -60
Inserting the wave function® )} =Py W e and W
=P.g¥sne Separately into the transition amplitud®8) in- FIG. 10. Classical trajectorigg) and deflection functiottb) of

stead of#{**)(x,y;) and keeping the total wave function for the ®He+*He elastic scattering d,,=151 MeV. The shadowed
‘Pi(234)(X,Yi) (to keep the normalization we calculated circle shows the radius of the absorptive potentiale Table)l

th_e contributions of the dineutron and C|garI|ke_ Conﬂgur'negative deflection angléhe “nuclear rainbow” angle is
ations to the two-neutron transfer cross section of the

By Byt Ay G . . .about —47° and corresponds to impact parametsg
He(°*He,"He)"He reaction. Figure 9 shows that the contri- _ . L .
butions of the two components are quite different. At all the 2.6fm at which the colliding nuclei strongly overlap and

forward angles the dineutron configuration e regulates leave the elastic channel. Focusing of the trajectories on the
. . isi i ind the target leads to the caustic-
the two-neutron transfer reaction. This reflects both the larg peam axis in the region behind 9

. : i L f harp i f the ampli f th
weight of this configuration in the ground state %ie and a E?sstgrf;c; alca?/:?g ttr?isarzg?org increase of the amplitude of the

predominant surface localization of the two-neutron transfer Absorption(caused by channel coupling and simulated by

process, leading to forwar_d emi_ssiqn of the ejectiles. Witr}he imaginary part of the OMPeduces the contribution of
Increasing srlatterlngban'g[ee.]c, W'th" Increasing transferred those trajectories which go through the region of strong in-
tmhor?entufn)ut e contri tL_JtlorLo sma elr Impact gag]ame}ers ft?teraction. In the case dHe+ *He scattering such absorption
1€ transfer cross section becomes farger and the 1ole o Wg not so large, the shadow behind the absorptive sphere is
cigarlike configuratior(located closer to the coréncreases. not completely black, and the focusing effects of the attrac-
, , i tive interaction remain visible, see Figs. 11 and 2. Because
2. Mean-field focusing and shadowing (k_)* :X—+k)- the shadow of the outgoing distorted wave is
Figure 2 shows that the distorted wave %fe elastically located in front of the absorptive sphere, and, as a result,
scattered from*He reflects both refractive and absorptive there are four spatial regions giving the main contribution to
properties of the OM potential. The de Broglie wavelengththe transition amplitud€14). Two of them(1 and 3 in Fig.
of ®He—“He relative motion is about 1.2 fm at laboratory 11) are due to comparatively weak absorption and focusing
energy of 151 MeV. Therefore, classical features of the moeffects which are specific features of light ion scattering.
tion have to be noticeable, in particular, the field of the clas-Regions 2 and 4 are of common nature and correspond to the
sical trajectoriegshown in Fig. 10 should define the ampli- so-called “near-far” decomposition of the transition ampli-
tude of the wave functiod7]. For light nuclei like ®He  tude. Choosing the direction of the outgoing particteving
+“%He the attractive part of the interaction dominates at lowalong k;) as “positive,” we see that the outgoing wave
energies, leading to deflection of the particles mainly tooriginating from region 2 corresponds to negative deflection
negative angles, see Fig. 10. It means that the grazing anglend those from region 4 correspond to positive deflection.
so specific for heavy-ion collisions, is close to zero here andaking into account that the interaction potential®bfe and
the grazing impact parameter is about 6 fm, i.e., greater thafiHe is not able to deflect the nuclei into positive angles at
the sum of the radii of the colliding nuclei. The maximal the energy of 150 Me\Msee Fig. 10 the contribution of
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FIG. 11. Shadow regions of incomir{@om the lef) and out-
going distorted waves in théHe+*He—*He+°He transfer reac- FIG. 12. Contributions of the focusing regions 1 ants8&e Fig.
tions atE;,=151 MeV. In the shadowed regions the amplitudes of11) to the “He(®He,'He)°He(g.s) two-neutron transfer reaction at
distorted waveqfff)(R) are less thag. In regions 1 and 3 incom- Eiap=151MeV are shown by dotted curves 1 and 3 correspond-

ing and outgoing distorted waves are focused by the attractive inlndly- The dashed curve shows the cross section obtained in the
teraction of°He with “He, see Fig. 2. limit of strong absorption, i.e., with the “black” shadow in regions

1 and 3(see the tejt whereas the solid line shows the total cross

) . .section obtained with OMP parameters from the Table I, set 2.
region 4 to the transfer cross section has to decrease with

increasing exit angle and faster than the contribution comin
from region 2(see below.

Here we pay special attention to the contributions of re
gions 1 and 3 to the total transfer cross section. We do s
because we do not know the real mechanism of absorptio
(to know it we have to solve the problem of channel coupling
involving the Borromean continuumand the imaginary part
of OMP can only simulate in some approximate way a re

S?igurations; of the four-body system, thus focusing on the
main contribution to the cross section at different angles. In
Barticular, by restricting the integration ovigy in transition
ﬁmplitude(l4) to some part of the total space, we can esti-
mate a probability for the process to occur just in this part of
space. Of course, such restriction of integration has to be
done quite accurately to avoid artificial oscillations of the

duction of outgoing flux in the elastic channel at infinity. result appearing in any sharp cutoff procedure. For this pur-

Moreover, we cannot confirm confidently that parameters oPOS€, We used a smooth cutting functiiR) equal to unity
the absorptive potentialsee Table )l have precisely their In a given part of the space and gradually going to zero at the

values, because available experimental data on elastic sc&guni"’;% Th;\s flinCt'r?n s}f\mc_)uldhev(;aryévherlg fufill tlhe cc;]ndl—
tering of ®*He+*He are insufficient for a conclusive param- tion |Af(R)|-A<1, where\ is the de Broglie wavelength.

eter fitting. Thus, the real shadowing could be somewhat. First of all we made the so-called "near-far” decomposi-
different from that shown in Fig. 11. In particular, if we tion of the transition amphtude, integrating in H44) sepa-
eliminate the contributions of regions 1 ands&ong absorp- rate!}/ over the . upper”hem!sphere Qf the space an'd over
tion, complete shadowing the focusing effe¢hen the total the Iowe_r hemls_phere deflr_1ed relative to the d_|rect|or_1 of
transfer cross section has a strong oscillation behavior at fofl1® ©Utgoing particlé, see Fig. 11. From a classical trajec-

ward angles originating from interference of the waves comlory point of view the processes happening in the “upper

ing from regions 2 and 4, see Fig. 12. The focusing effect@emiSphere.” are capseq mainly by the trajectories deflected
and weak absorption leading to “incomplete shadowing”to the positive direction in entrance or exit chann@fsear

(regions 1 and Bare rather important features of nuclear Pt of”the outgoing wave and those in the “lower hemi-
reactions with light ions. sphere” are due to the trajectories deflected to the negative

angles(“far” part of the amplitude. Of course, for the angle
0;=0° these parts are equal. With increasing anglethe
“near” and “far” parts of the amplitude behave differently
Using our “four-body three-dimensional” approach with- depending mainly on the interactions of the nuclei in en-
out expansion of all the functions over partial wavaspro-  trance and exit channels.
cedure, which, as a rule, hides the dynamics of the process if In our case the repulsive part of the interaction between
many partial waves have to be taken into accpune can  ®He and “He is very small and can give a deflection to
easily and directly analyze spatial localization of the two-positive angles of no more than 1°—see the deflection func-
neutron transfer reaction and also the dominant spatial cortion in Fig. 10. So, the near part of the transition amplitude

3. Spatial localization of the reaction
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FIG. 13. Spatial localization of théHe(*He,’He)°He(g.s) two- FIG. 14. Contributions of the different spatial configurations of

neutron transfer reaction Bf,,=151 MeV. The dashed curve isthe {he four-body system to the cross section of the
contribution to the cross section coming from the “lower hemi- 4pg64e 4He)SHe (g.s) two-neutron transfer reaction at
sphere” (relative to the positive outgoing angtg, see the insels g, —151 MeV. Curves 1-3 correspond to the different configura-

and the dotted curve shows the contribution of the “upper hemi-jons (shown in inset of two « particles and two neutrons during
sphere.” The solid curve corresponds to integration over the wholgne transfer process.

space.
OM potential for the®He+“He elastic scattering. The avail-
(ie., the contribution of the upper hemispheis caused @abPle experimental data at 25 MeV/nuclept] (see Fig. 7

mainly by quantum effects, i.e., by diffractive trajectories /l0Ws Us to conclude that this potential can be taken from
y o d y ; the same potential famil{depth-radiusas for the®Li+*He

and has to decrease faster than the “far” part of the ampli- " tterinéTable D but within th tential f
tude, because there are real classical trajectories going to tk éas ic scatteringTable ) but within the same potential fam-

negative direction up to the nuclear rainbow an Vﬁ ily we need to adjust the parameters of OMP to fit elastic

47° O lculat d'in Fia. 13. wh h scattering in a wide angular region. The cross section mea-
—47". Our calculations presented In Fig. 13, where the cong, a4 in the rather narrow angular region of $59° (Fig.

tributions of upper and lower hemispheres of the total Space, ., pe fitted more or less accurately with different OMP

are shown, confirm this suggestion. The dominant contribus ; ; :
. : i arameters, in particular, with the two s€tsand 3 of Table
tion to the A-transfer process in théHe(®He *He)®He reac- F P 3

tion comes from region 2 of Fig. 11 dlje to the dominantrole ¢ js well known that transfer reaction cross sections are
of the attractive interaction ofHe and“He. sensitive to the OMP parameters which are used to calculate
Direct calculation of the six-dimensional integfdH) al-  he gistorted waves entering the DWBA transition amplitude.
lows us to obtain even more interesting information abouhhanging these parameters we can change therahsfer
preferable configurations of the four-body systésee Fig. cross section by a factor 2 or(8ig. 15. Of course, playing
1) to the Zh-transfer reaction. Selection of a definite configu- it these parameters within reasonable intervals, we could
ration can be easily done by inserting an additional conditiony |5 obtain much better agreement between calculated and
into the multidimensional integral. If we fix, for example, the experimental B-transfer cross sections. This is not very
condition y?>Rf,+y7 then we choose the configurations eaningful because both the experimental data on elastic
where the 2-center of mass and the-particle core of°He  scattering and on i2transfer reaction in théHe+“He col-
are located on opposite sides of the target, see Fig. 1 and cag§ons are measured within narrow angular regions and with
3in Fig. 14. Due to the long tail of théHe wave functionin  an angular resolution of abott3°. We hope that in the near
the channel 8+ *He we could suppose that quite unusualfytyre new experimental data on tHHe+“He scattering
configurations of the total system can contribute to theyjj pe obtained to eliminate some ambiguities in their inter-
2n-transfer reaction. However, we found that just the ex-pretation. Note that experimental data on elastic scattering of
pected configuration of the system, where the transferredpe4He at several different energiésieasured in a wide
neutrons are located between two heavy cores, dominates jhqylar regiopare desirable to fix finally the OMP param-
the 2n-transfer reactiorfFig. 14. eters for these nuclei.

4. Dependence on OM potentials IV. THE °He+'H—*He+*H REACTION

As mentioned above, the present experimental informa- A hydrogen target may be the most preferable for study-
tion is insufficient to fix unambiguously the parameters ofing the structure and spatial configurations of exotic nuclei at
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FIG. 15. Dependence of thenzransfer cross section on the 0 d
optical-model parameters. The solid curve was calculated with the c.m. (deg)
OMP parameters of set 2 of the Table I, whereas the dashed curve

was calculated with the parameters of set 3. FIG. 16. Experimental data on thenZransfer cross section in

the *H(®He *He)*H reaction atE,,=21.6 MeV[5] (solid circles,

. . , , and on deuteron transfer in théLi(p,3He)*He reaction at
medium energies. In this case transfer reaction channels age .. =21.4 MeV[17] (open circles

easily distinguished from elastic scattering. The short range

Of the pa)roton-neutron interaction and suff|C|(_antIy small ra-i; 4vion in the SHe g.s. is less probable than the correspond-

dius of *H should lead to an enhanced selectivity of transfer.__ 3, , 3 . YT
; . , N . ing “H+>He configuration in°Li.

reactions tq the.two spatial configurations’ide (the dmeu-. (2) The oscillations of the angular distribution in the

tron and cigarlike We may expect, for example, that in 'H(®He,*He)H reaction are much more pronounced than for

peripheral collisions only closely located neutrons Side ¥

: , > = ®Li(p, *He)*He. Thi indicat “pure” reacti
could be captured by the protgwith formation of *H in its I(p, °He)He 'S may indicale a more pure reaction

it a | bability. Simult i echanism and bettérmatching(zero angular momentum
g.s) with a large probability. Simultaneous measurement o ransfej in the *H(®He *He)®H reaction, because a coherent
1n transfer cross sections in this reaction gives additiona]

information on collision dynamics and on the structure of um of the contributions coming from different reaction
bHe y mechanisms and sum over magnetic numbers of transferred

e 1 L . . angular momentum usually tend to smoothen an interference
Hovsievgr, s?mesdﬁflcultl_es arise in the th(_eorencal analys'Sstructure in angular distributions of transfer reactions.
of the "H(°He,"He)°H rea_lctlon. TheQ V@'“e is rather Iarge. (3) The absolute value of the available 2ransfer cross
(+7.51MeV) and can influence considerably the reaction.. tion in the forward hemisphere in thEl(®He *He)*H re-
mefhams_m ft I.OW energies. The _effect|ve OMP |_nteract|or}action is significantly larger than the deuteron transfer cross
of *He with °H in the exit channel is badly determined, but

I . e in d - £ 1h lar distri section from thé®Li at the same energy of 25 MeV/nucleon.
plays an important role in description of the angular distll-rc o1d pe related to more spreading of thetalo wave

bution of the 2 transfer reaction. Finally, the reaction function in ®He compared with the more bound deuteron
mechanism in a light nuclear system is generally not SQtate in®Li

simple.

Elastic scattering, one-neutron, and two-neutron transfer
cross sections in collisions dfHe with a hydrogen target
have been recently measured in Dubna at laboratory energy The problem of elastic scattering §He from different
of 151 MeV[5]. The 2n transfer cross sections are shown intarget nuclei is very interesting in itself for better understand-
Fig. 16 and compared with corresponding data on deuteroimg of the influence of the halo neutrons on refractive and
transfer in the®Li( p,®He)*He reaction, obtained previously absorptive properties of the corresponding OM potentials.

A. Elastic scattering of ®He+'H and OM parameters

in [17] at just the same energy. Polarization effects are expected to be large due to the
Three main differences between the two reactions can beveakly bound and far extended neutron hald@kte. Except
seen from the data. for very high energies there are, however, only a few experi-

(1) The forward-backward angular asymmetry in themental data on elastic scattering %fle from hydrogen tar-
'H(®He,*He)®*H and °Li( p,He)*He reactions is opposite. get, measured at the energies of 41.8] and 71[20] MeV/
Note, that the dominant yield ofHe at backward angles in nucleon. In both cases the angular distribution was measured
the SLi( p, *He)*He reaction is mainly due to transfer 8H  only in the region of forward angles (10°—50° in the center-
from ©Li, whereas the deuteron transfer contributes mainlyof-mass systeinand can hardly be used for fitting the OM
to the forward angle emission oHe in this reactior18]. parameters. New data on tfkele+H elastic scattering at 25
So, it seemgeven without calculationthat *H+°H cluster- ~ MeV/nucleon were obtained in Dubr&] in a sufficiently
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FIG. 17. Elastic scattering oftie on hydrogen target /A FIG. 18. Elastic scattering ofHe+*He atE.,=17.1 MeV[26]

=25.2 MeV. Solid and dashed curves show the best fits within OM(Open circles and dashed cuyvand 23.4 MeV[27] (solid rect-
(set 1 and 2 of Table Il respectivelyExperimental data are from angles and solid curye
[5].

) L ) We repeated the fitting of OM parameters using experi-
wide angular range shown in Fig. 17, and allows us to adjusfyenta| data on elastic scattering dfie+*He at center-of-
more or less accurately the corresponding OM potential. < energies of 17 Mel26] and 23.4 MeV[27], which

Fitting th.e data we started from two |n|t|éiulhsets of OM \yere not fitted previously within the standard optical model,
parameters: the OM parameters obtained forhiet p scat-  geq Fig. 18. As usual, we found a discrete and continuous
tering system at the same enef@?] and the so-called glo- 5 higuity in the depth-radius values and fixed the depth of
bal nucleon-nucleus OM parametrization CH@]. As @ the real part toV,=—130 MeV for both energies. We did
result, we found two sets of OM parametéars, Illsted in Tablg,ot succeed in describing accurately the experimental data,
Il, which describe the available data on thde+H elastic 1t the best agreement was again achieved only with a very
%cattelrmg with equal accuracy. Nevertheless, new data on the, | giffuseness of the real part and with a large radius of

He+"H elastic scatt.erlng in a.W|der e_mgular range and ,arthe imaginary part of the OM potential. OM parameters
several beam energies are quite desirable to make a fingl nqg in this way are listed in Table Ilisets 1 and 2
conclusion about OMP for this system. Set)l of Table Il is\yhereas set 3 is taken frof24]. The small diffuseness of the
used below to generate the distorted W%@ (Ri) inthe  req| part of the OM potential means a large refractive ability
entrance channel of thenransfer reactiortH(®°He *He)°H. leading to a large cross section at backward angles and to a

strong interference in angular distributions, which, in fact,
B. OM potential for “He+3H can be due to some exchange process. Strong angular mo-

Unfortunately, the situation with elastic scattering of nu-
clei like ®H or *He from “He at lower energies turns out to
be less clear than might have been expected after many yearss
of studying these nuclei. We cannot find data on elastic scat-
tering of tritons froma particles, at center-of-mass energies
around 30 MeV, and only a few sources &e+*He elastic 3l
scattering. Thus, OM parameters for these systems are also
badly determined. Note, also, that many attempts to fit the 2
experimental data on théHe+“He elastic scattering at low
energies within standard OM calculations were unsuccessful !
(see, for example[23]). An agreement as good as for
nucleon-nucleus elastic scattering or f8H(*He) elastic
scattering from heavy nuclei was not achieved. Moreover, it FiG, 19. Spatial correlation density pldeft) and the compo-
was found that only OM potentials with unusually small dif- nents of the®H ground-state wave function corresponding to the
fuseness of their real parts could account for essential feaelative motion of the two-neutron pair and the proton, see(ER).
tures of the observed angular distributions in these light Systhe curves 1-3 correspond to the states with quantum numbers
tems[24,25. NI,S=(000), (200, and (400).

oy, (y)
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TABLE Il. Optical-model parameters for thtHe+'H elastic scattering at 151 MeV beam energy.

Set Vvol I:{V ay Wvola RWa aWa Wsurf I:QW aw Vsoa Rsoa asoa
(MeV) (fm) (fm) MeV) (@fm) (fm) MeV) (Fm) (fm) (MeV) (fm) (fm)

1 —40.7 211 0.573 —3.81 280 0.931

2 —-454 180 0.612 —-26 200 0.690 —3.47 320 0.772 —-59 123 0.630

#These parameters correspond to the global nucleon-nucleus OMP parametrizatioRCH8®I were fixed
during the fit process.

mentum dependence of the effective interactiowt in- nates, i.e.r,+r,+r;=0. We found that the valueg
cluded in standard OM potentjatan also lead to unusual _ g ’:4_4’% sezxtisf; this condition giving an rms matter
behavior of elastic scattering, because in light systems %dil&g(RﬁH%l 56 fm. As in the case ofHe (see Sec. Il E

e_nergies up to' several tens of MeV/nucIeoq or)ly a few PaTthe 3H bound-state wave function can be decomposed over
tial waves define completely the angular distribution of anpo complete set of the two neutron relative motion wave

elastic cross section. functions(10), giving the same decompositi¢h), but with
_ 5 much simpler angular momentum couplin§<L=1,=0)
C. Three-body wave function of °H ground state and with the following resulting functions for the relative

To describe the two-nucleon transfer reactions within ourmotion of the proton and the two neutrons:
four-body approach, we need also to calculate a three-body

bound state wave function of thi#H g.s. formed in the exit ‘Dﬁﬁf:o,s:o(y): bt =o(Y) Yoo ) Xhp(0), (22
channel. This wave function is not of our main interést
contrast to théHe wave functionand was supposed to have bni —0s-o(Y)= (Al A7)

a simple Jastrow formi28,29 for the radial part(see nota-
tion of coordinates in Fig.)1 J
X fNIX: (X)'gnn(x)'gpn(y
WE06Y) = A+ Gnn() - Gpn(Y = X12) - Gpn(y ’
—X12) - gpn(y+x/2)d3x. (23
+X12)- X2 o B o), (21) Pr
The correlation density plot for the ground state 1
calculated in accordance with E@9) and the functions

lf'E’IQC'Eirer‘{ 2”?%;;2”2?}'&?ga;?gifrfl?sir:-t;-?: ?ggatéeagg ¢ (y) are shown in Fig. 19 and can be compared with the
g-range p e ! b orresponding components of thele bound state shown in

appropriate asymptotic behavior of the wave function and & 3 . T
realistic radius of the 3H nucleus:  ayy ig. 12. For°H the_ls state ofp-2n relative motion is, as
n S —sen 3 B \/1 S —sen3 expected, the dominant component.
= VEMAY) ESRCH),  ann=23(m/4%) ESRCH) = ap,
wherem is the nucleon mass. This givek§4 (x fixed,y
— o) ~exp(—/(2ulhi?) EpR))ly and W5 (x— o0,y =x/2) , , o .

. Using the prior form of the DWBA transition amplitude
~ —\ 2 se -2

exp(—V(2u/f?) EF)/x, wheren=5m. The quantities (5), three-body ground-state wave functions®fe (7) and

ap('isil)n.d ann are not identical and, thus, the wave function 3y 21y and three-dimensional distorted waves generated by
W3y is not symmetrical in the interchange of proton andom potentials with parameters from Table I, setehtrance
neutron, but, in facte,,~ a,,, and such asymmetry is very channel and Table IIl, set 1exit channel, we calculated the

small and cannot noticeably influence the transition ampligifferential cross section of the n2 transfer reaction

where g;(z)= (e *?—e #?)/\z, xb, is the proton spin

D. Dineutron transfer

tude. _ 'H(®He*He)®*H shown in Fig. 20. We used a proton-neutron
The long-range parameters; are chosen in acscord— interaction V,3=V,, of Gaussian shape with-45MeV

ance with the rms matter radius of °H,  depth and 1.7 fm width, and a proteninteractionV, of

ie., (R?)ay= XSRS r2 W) = L(wEPY 2 x> Woods-Saxon shape with parametevg=—43MeV, R

+ 2y2| w34 wherer; are the triton c.m. nucleon coordi- = 1.984fm, anda=0.25fm proposed if30].

TABLE lIl. Optical-model parameters for thtHe+“He elastic scattering.

Set Ec.m. Vvol RV ay WvoI RW aw Vso Rso Q5o
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)

1 23.4 —-130 1.64 0.217 -1.8 2.1 0.700

2 17.1 -130 2.58 0.177 -16 5.4 0.800

3 18.0 -173 2.28 0.145 -1.1 5.3 1.050 -1.0 2.28 0.145
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FIG. 20. Cross section of the n2 transfer reaction 100 30 60 90 120 150 180
'H(®He*He)*H at E. ,=21.4 MeV [5]. The calculated cross sec- Oc.m. (deg)

tion is shown by the solid line, whereas the dashed and dotted lines

. . . 4 .
show the contributions of the dineutron and cigarlike configurations F1G- 21. Potential elastic scattering &fle from *He at differ-
of ®He to the process. ent incident energie&urves and estimated upper limits of then4

exchange contribution to the elastic scattering at backward angles at
Favorable agreement with the experimental datth in  E/A=20 MeV (solid circlg, and 30 MeV(open circlg.

absolute value and angular distributjamakes us conclude

again that the three-body model wave functi@ndescribes e gifferent OM potentials ofH+“He, have similar angular
adequately the ground state 8He and that the spectro- pehavior and close absolute values. It means that our main
scopic amplitude of the three-body configuration is close tQoncjusions about reaction dynamics obtained above are
unity. As was expected, the probability for a proton 10 qjte reliable. However, experimental data on fhe+*He
pickup two neutrons from’He with formation of the®H  gjastic scattering at c.m. energies of about 30 MeV/nucleon
nucleus is much greater in the case when these two neutropge gesirable for eliminating present uncertainties and for
are located close to each other. This leads to striking domigetter understanding of the main reasons for the difference
nance of the dineutron configuration 8l in the 2 trans-  petween the calculated and experimental two-neutron trans-

fer reaction*H(®He,*He)*H as seen in Fig. 20. In contrast
with the “He(®*He,*He)®He reaction, the cigarlike configura-
tion of ®He makes here a negligible contribution to the 2
transfer reaction in the whole angular region.

Like in Sec. Ill B 3, here we also looked for which four-
body spatial configurationp «+2n) bring the main con-
tributions to the cross section of then Zransfer reaction
'H(®He,*He)®*H. Comparing with the®He+*He collision
(Fig. 14 we found that though the configuratiam2n-p
(see the corresponding case 1 in Fig) tdgulates the 2
transfer cross section, the configuratienp-2n (where the
proton moves very close to the core in central collisions

fer cross sections. In particular, the transfer cross section at
forward anglegnot measured yet experimentallyas found

to be very sensitive to the imaginary part of the OM potential
in the exit channel, decreasing with increasing
WOMEH+*He).

V. THE 8He+*He COLLISION

The structure offHe is more complicated and is less un-
derstood than that ofHe. The multineutron transfer reac-
tions could help us to understand better the dominant con-
figurations of this nucleus. In particular, the measurements of

also makes a noticeable contribution to the reaction at backin, 2n, 3n, and 4-transfer reaction cross sections with

ward angles.

subsequent analysis within a few-body model would supply

Note, finally, that the optical model potential in the exit us with direct information on spectroscopy of tHe+n
channel H+“He) is the most uncertain quantity in our cal- +n), (*He+2n+2n), (°He+2n), and (He+*n) configu-

culations of the'H(®He*He)*H transfer reaction cross sec-

tion. It is expected that OM potentials dHe and®H ought

rations in 8He. All these transfer reactions should be per-
formed with accurate selection of exit channels, i.e., in coin-

to be close to each other. We found that only those OMcident experiments, to distinguish the two-body primary

potentials which describe rather well the angular distribureaction channels from the others. Incident energies should
tions of elastic scattering ofHe+*He (see Table Ill and Fig. not be too high, to allow us to measure the cross sections of
18), give simultaneously a reasonable agreement with theéwultineutron transfer reactions at low intensity secondary
cross section of the two-neutron transfer reaction. In spite obeam of®He.

some differences, the transfer cross sections, calculated with Preliminary estimations of theHe+*He elastic scattering
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cross sections are shown in Fig. 21 for the energy interval obf the Borromean nucleu$He against available experimen-
5-35 MeV/nucleon. The upper limits of the tetraneutronta| data as on elastic scattering 4fie from “He and'H and
transfer cross section@nanifested in elastic scattering at on 2n transfer cross sections BEf A= 25 MeV.
backward angles due to symmetry of the entrance and exit Although the angular range and statistics of the data
channels calculated at energieB/A=20 and 30 MeV are should be improved, comparison of calculated and experi-
also shown in this figure. From these results we may conmental cross sections for the two reactions and analysis of
clude the following:(i) The 4n-transfer reaction cross sec- the 2n transfer reaction dynamics argue for the following
tion in the 8He+*He collisions can be easily distinguished conclusions(i) A predominant three-body—n— « configu-
from potential scattering at energies of about 20 MeV/ration of ®He is consistent with the data, justifying the label
nucleon and higher(ii) With increasing beam energy the Borromean, i.e., the spectroscopic fatﬁpgn)a(eHe)~1.(ii)
4n-transfer reaction cross section decreaém®e order of The spatial dineutron component of this three-body configu-
magnitude with each 30 MeV). (iii) At beam energies ration dominates in & transfer reactions induced BHe at
lower than 10 MeV/nucleon themexchange process cannot energies higher than 10 MeV/nucleon. This dominance is
be easily separated from potential scattering at backwargspecially striking in the case of a hydrogen tardét)
angles. It means that some other target has to be chosen 134 clusterization in®He seems to be much less prob-
study this process at low energies. able compared with théH+°He configuration offLi. Al-
Comparing the absolute values of the dnd 21 transfer  though our consistent DWBA studies compare well with
cross sectionéwith formation of two ®He nuclei in the exit  available data, there are noticeable deviations concerning de-
channel in the last cagewe are already able to conclude tajls. A substantial sensitivity to optical potentials is also
about the dominant valence neutron configuration’fite.  present. Thus it is of interest to investigate channel couplings
The first experiments of this type are now being prepared ahyolving the low-lying ®He continuum. Work to this end is
FLNR (Dubng. in progress, with form factors based on three-body con-
tinuum states as well as the ground stat€ide.

VI. SUMMARY We have also via preliminary estimates indicated that ex-
periments on A4 and 2 transfer reactions at beam energies
of 10—30 MeV/nucleon could be very useful for probing the
five-body structure of the extremely neutron-rich double-
Borromean®He nucleus.

A new four-body three-dimensional DWBA approach has
been developed for the description of two-nucleon transfe
reactions 1[2(34)]—[1(34)]+ 2, in which the three-body
nature (core-two valence nucleons) of the bound-state
wave functions of projectile and ejectile are the main sub-
jects of investigation. By focusing on the spatial localization
of distorted waves as well as bound states, thetransfer
process in collisions ofHe with “He and hydrogen targets The authors thank B. V. Danilin, S. N. Ershov, K. A.
has been analyzed in detail, testing the three-body structui®@ridnev, and M. V. Zhukov for illuminating discussions.
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